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Previously, the C-terminal fragment of a split intein was known to undergo controllable C-cleavage
at its C-terminus only when the N-terminal fragment of the intein was added. Here we constructed a
similar split intein from the Ssp DnaX intein, but we unexpectedly observed that its C-terminal 136-
aa fragment could undergo spontaneous C-cleavage without the N-terminal fragment that was up to
15 aa long and contained the conserved intein motif A. This C-cleavage activity was signiﬁcantly
decreased by a mutation of the conserved Thr residue in the conserved intein motif B. These ﬁndings
suggest a robust intein structure in the absence of motif A and a larger role of motif B in the third
step of the protein splicing mechanism.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Inteins are internal protein sequences that can catalyze a pro-
tein splicing reaction to self-excise from a precursor protein and
to join the ﬂanking sequences (N- and C-exteins) with a peptide
bond [1]. The typical mechanism of protein splicing consists of four
steps [2,3]: (1) an N–S or N–O acyl rearrangement replaces the up-
stream peptide bond with an ester bond; (2) a transesteriﬁcation
relocates the N-extein to the downstream splice junction, forming
an ester bond linking the N-extein with the C-extein; (3) cycliza-
tion of the Asn residue at the C-terminus of intein breaks the pep-
tide bond between the intein and the C-extein; and (4) an S–N or
O–N acyl rearrangement at the downstream splice junction re-
places the ester bond linking the N-extein with the C-extein with
a peptide bond. Different inteins have highly conserved three-
dimensional structures, although their amino acid sequences can
be very different. Crystal structures of mini-inteins (or the protein
splicing domain of inteins) typically consists of 12 b-strands and is
shaped like a ﬂattened disk, which brings the N- and C-terminal se-
quences of the intein into proximity in a catalytic pocket located
near the center of the disk-like structure [4–6]. The N-terminal se-
quence contains the conserved intein motif A [7], the C-terminal
sequence contains the conserved intein motif G including the Asn
residue for C-cleavage, and both sequences are located at the cen-
ter of the catalytic pocket. Although there is a reasonably goodchemical Societies. Published by E
Meng), +1 902 494 1355 (X.-
gmei427@yahoo.com.cn (Q.description of the chemical steps in protein splicing and cleavage,
structural requirements of these intein activities are largely
unknown.
Intein can be made to undergo site-speciﬁc cleavage reactions
instead of splicing. When step 1 of the above splicing mechanism
was prevented by mutating the ﬁrst residue of an intein from
Cys to Ala, for example, step 3 could still occur to break the peptide
bond between the intein and the C-extein, which was termed C-
cleavage [3,8,9]. Engineered inteins capable of controllable C-
cleavage have found practical uses in protein puriﬁcation to
achieve controllable C-cleavage [10–13]. A 144-aa C-terminal frag-
ment of the Ssp DnaB S1 split intein, which was termed C-intein,
was completely inactive when fused at its C-terminus to a target
protein of interest [13]. After expression and puriﬁcation of the fu-
sion protein, the missing 11-aa N-terminal fragment of the intein,
which was termed N-intein, was added as a synthetic peptide in
trans to trigger the C-cleavage reaction, resulting a separation of
the C-intein and the target protein. It was concluded that the N-in-
tein was required for the C-cleavage reaction (Asn cyclization at
the C-terminus of C-intein). It was thought that the N-intein was
needed to ﬁll a structural void in the catalytic pocket formed by
C-intein alone, although the N-intein was not known to participate
directly in catalyzing the Asn cyclization [13].
In this study, we unexpectedly discovered that a similarly con-
structed C-intein derived from a different intein, namely the Ssp
DnaX intein, could undergo spontaneous C-cleavage without addi-
tion of its complementary N-intein. The missing N-intein sequence
could be up to 15 aa long and contained the conserved intein motif
A. We also show that the spontaneous C-cleavage activity of the
C-intein could be decreased signiﬁcantly by a mutation of thelsevier B.V. All rights reserved.
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this Thr residue was not known to participate directly in catalyzing
the Asn cyclization. Implications on intein structure-function are
discussed.
2. Materials and methods
2.1. Plasmid construction
As illustrated in Fig. 1, the previously reported plasmid pTX-1
[14] was subjected to inverse PCR followed by ligation to replace
the endonuclease domain of the Ssp DnaX intein with the linker se-
quence ASGHHHHHHGGSGS. The resulting mini-intein coding se-
quence was isolated as an Xho I - Age I fragment and substituted
into the previously described pMST plasmid [15] between the
same two sites to produce plasmid pMSX. Subsequently the intein
was split by insertion (through inverse PCR) of a spacer sequence
into its coding sequence as described previously [15], producing
plasmid pMSX-S1. A Nde I – Pst I fragment was isolated from plas-
mid pMSX-S1 and inserted into plasmid pTWIN (New England Bio-
labs) between the same two sites, resulting in plasmid pMSX-S1C.
Plasmid pMSX-S1C/G was derived from plasmid pMSX-S1C by
replacing the thioredoxin coding sequence on an Age I – Pst I frag-
ment with an eGFP coding sequence that was isolated as an Age I –
Pst I fragment from the previously reported pMIN/eGFP plasmid
[13]. Plasmids expressing various N-terminal deletions and site-
speciﬁc mutations in the C-intein (Ic) were derived from the
pMSX-S1C plasmid through inverse PCR. These recombinant plas-
mids were all veriﬁed through DNA sequencing.
2.2. Protein expression, puriﬁcation, and cleavage
Each recombinant plasmid was introduced into Escherichia coli
BL21(DE3) cells and induced by IPTG to express the correspondingEN CTNT
Inverse-PCR and ligation
Inverse-PCR and ligation
CT
linker
NT
Xho I - Age I fragment  into plasmid pMST
Xho l Age l
CTMBP TrxNT
spacer
MBP
Nde I
Trx
Pst IAge IIc
Nde I – Pst I fragment  into plasmid pTWIN
pMSX-S1C
Nde I
Trx
Pst IAge I
Fig. 1. Schematic illustration of plasmid constructions. Ssp DnaX intein in plasmid
pTX-1 [14] was divided into a 94-aa N-terminal domain (NT), a 294-aa endonu-
clease domain (EN), and a 42-aa C-terminal domain (CT). Replacing the endonu-
clease domain with a 14-aa linker produced a 150-aa mini-intein. A previously
described spacer [15] was inserted in the mini-intein coding sequence to introduce
the Nde I site, creating the Nde I – Age I fragment that coded for the intein C-
terminal fragment (IC). In plasmid pMST [15], MBP and Trx stand for a maltose
binding protein and a thioredoxin protein, respectively.recombinant protein at room temperature overnight; total cellular
proteins were analyzed by SDS–PAGE followed by staining or Wes-
tern blotting, using H6-tag antibody (Sigma), thioredoxin antibody
(Invitrogen), GFP antibody (Roche Diagnostics), and the Enhanced
Chemi-Luminescence detection kit (GE Healthcare); and some pro-
teins containing H6-tag were afﬁnity-puriﬁed on Ni-NTA resin
(QIAGEN), all as previously described [13].3. Results
3.1. Converting the Ssp DnaX intein into mini-intein and split intein
We initially attempted to construct an Ssp DnaX split intein for
controllable C-cleavage, which was modeled on the previously re-
ported controllable C-cleavage of the Ssp DnaB S1 split intein [13].
As illustrated in Fig. 1, the Ssp DnaX intein (430 aa in size) was ﬁrst
reduced to a mini-intein (150aa in size) by replacing its putative
endonuclease domain sequence (residues 95-388) with a 14-aa lin-
ker sequence ASGHHHHHHGGSGS. The linker sequence contained
a hexahistidine sequence (H6-tag) commonly used in protein iden-
tiﬁcation and afﬁnity puriﬁcation. The resulting Ssp DnaX mini-in-
tein, when sandwiched between a maltose binding protein and a
thioredoxin in a fusion protein, showed efﬁcient protein splicing
in E. coli cells (data not shown). To convert this mini-intein into a
split intein for controllable C-cleavage, we analyzed the intein se-
quence to select a split site corresponding to the S1 split site of the
previously reported Ssp DnaB S1 split intein. As shown in Fig. 2, the
Ssp DnaX mini-intein sequence was aligned with the Ssp DnaB
mini-intein sequence, which was done using the DNAman program
(Version 5.2.2, Lynnon BioSoft), and the alignment showed 33.1%
sequence identity and 16.2% sequence similarity. In the Ssp DnaB
S1 split intein, the intein sequence has been split between residues
11 and 12 of the intein sequence, and the resulting C-terminal frag-
ment (C-intein) was able to undergo controllable C-cleavage when
it was triggered by the N-terminal fragment (N-intein) provided in
trans [13]. We therefore chose a site between residues R11 and N12
in the Ssp DnaX mini-intein sequence for this study (Fig. 2).
3.2. Spontaneous C-cleavage of Ssp DnaX mini-intein lacking its N-
terminal 11-aa sequence
We deleted the N-terminal 11-aa sequence of the Ssp DnaX
mini-intein, expecting that the remaining 139-aa intein sequence
(C-intein or Ic) would undergo controllable C-cleavage only when
the deleted sequence was provided in trans. To test this, we con-
structed a recombinant plasmid (pMSX-S1C) to produce a precur-
sor protein (IcT) consisting of the C-intein (Ic) fused to
thioredoxin (T). To our surprise, this precursor protein underwent
spontaneous C-cleavage after expression in E. coli cells, which con-
verted the precursor protein IcT into the cleavage products Ic and T
(Fig. 3A). The three proteins (IcT, Ic, and T) were identiﬁed both by
their apparent sizes in SDS–PAGE and by their recognition of spe-
ciﬁc antibodies in Western blotting (Fig. 3B). The spontaneous C-
cleavage did not go to completion in E. coli cells, with approxi-
mately 70% of the precursor protein remained. We puriﬁed the
remaining precursor protein (IcT) from the E. coli cell lysate
through afﬁnity puriﬁcation on a nickel column that could bind
with the H6-tag of Ic, which also co-puriﬁed the Ic fragment. A
small amount of the C-cleavage apparently occurred during the
protein puriﬁcation, as indicated by a small decrease in the amount
of IcT relative to Ic, while the released T fragment was absent be-
cause it lacked the H6-tag. After the puriﬁed protein sample was
incubated at room temperature overnight, the remaining precursor
IcT was completely converted to the cleavage products Ic and T
(Fig. 3B).
Fig. 2. Amino acid sequence of the Ssp DnaX mini-intein. The sequence is aligned with the Ssp DnaB mini-intein sequence. Symbols: ‘–’ represents gaps introduced to
optimize the alignment; ‘’ and ‘.’ mark positions of identical and similar amino acids, respectively. In the Ssp DnaX sequence, the conserved intein sequence motifs (A, B, F,
and G) are underlined, the mutated T and H residues in motif B are marked each with a star, and the location of a H6-linker is marked with an arrowhead. The 14-aa H6-linker
sequence replaced a 294-aa putative endonuclease domain sequence in making the Ssp DnaX mini-intein, with both sequences shown below. The N-terminal deletion points
are marked with arrows, and the deletion mutants either retained (solid arrows) or lost (open arrows) the spontaneous C-cleavage activity. In the Ssp DnaB sequence, the 12
b-strands (b1 to b12) are underlined, and the S1 split site is marked with an arrowhead.
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cleavage of the IcT protein, we replaced the thioredoxin sequence
(T) in IcT with the sequence of an enhanced green ﬂuorescent pro-
tein (eGFP, 27 kDa) to generate a new precursor protein ICG. When
the IcG protein was expressed in E. coli cells from a recombinant
plasmid (pMSX-S1C/G), spontaneous C-cleavage was also ob-
served, with the cleavage products (Ic and G) identiﬁed through
SDS–PAGE and Western blotting (Fig. 3C).
3.3. Determining a minimal Ic sequence capable of spontaneous C-
cleavage
We progressively deleted residues from the N terminus of the IC
sequence to produce seven different IcT proteins having an
increasingly smaller Ic, through recombinant DNA. Each of these
different IcT proteins was expressed in E. coli cells from a recombi-
nant plasmid, and possible C-cleavage was analyzed by SDS–PAGE
and Western blotting as described above. As shown in Fig. 4, spon-
taneous C-cleavage was observed when the original Ic was further
shortened from its N-terminus by 1–4 residues, whereas no C-
cleavage was observed when additional residues were deleted.
Interestingly, the C-cleavage was nearly complete when the origi-
nal Ic was shortened by 1 residue.
3.4. Effect of mutations in conserved motif B on the C-cleavage
The conserved Thr and His residues in the conserved intein mo-
tif B play important roles in the ﬁrst step of protein splicing at the
N-terminus of the intein [16–19]. To determine whether these two
residues also affect the C-cleavage at the C-terminus of the Ssp
DnaX Ic fragment, we mutated these two residues (see Fig. 2) to
Ala in the Ic sequence of the IcT precursor protein. As shown in
Fig. 5, changing the conserved Thr at position 66 to Ala (T66A
mutation) decreased the C-cleavage signiﬁcantly, whereas chang-ing the conserved His at position 69 to Ala (H69A mutation) did
not affect the C-cleavage. Having both the T66A and H69A muta-
tions decreased the C-cleavage similarly as the T66A mutation did.
4. Discussion
In an attempt to construct a new split intein for controlled C-
cleavage, we were surprised to ﬁnd that the C-intein (Ic) derived
from the SspDnaXmini-intein was capable of spontaneous C-cleav-
age in the absence of an N-intein. The missing N-intein corresponds
to the N-terminal sequence of the intein, was up to 15 aa long, and
contains the conserved inteinmotif A. This ﬁnding is in contrast to a
previous ﬁnding with a different intein (Ssp DnaB S1 split-intein)
where a similarly constructed C-intein was incapable of C-cleavage
in the absence of its N-intein [13]. It showed for the ﬁrst time that
an intein’s N-terminal fragment containing the entire conserved in-
tein motif A was dispensable for its C-cleavage activity, although
previously the ﬁrst residue of some inteins could be mutated for
the C-cleavage [3]. In this study, no extein sequence was added to
the N-terminus of IC to test for spontaneous splicing, because the
Ic was thought to be incapable of splicing in the absence of the N-
terminal fragment of the intein. No intein has been known to splice
when the entire N-terminal motif A sequence is deleted, although
some non-canonical inteins splice by modiﬁed pathways that do
not require an N-terminal Cys or Ser residue [2]. The Ssp DnaX in-
tein of this study is clearly a standard (class 1) intein having an
N-terminal Cys residue [14], and mutations of this Cys to either
Ser or Thr completely abolished the splicing activity [23]. Therefore
we consider it to be impossible for the intein C-terminal fragment
(IC) of this study to undergo spontaneous splicing, because the IC
lacked the N-terminal Cys residue and the entire motif A of this
intein.
In known intein crystal structures, the N- and C-terminal
sequences of an intein are located in close proximity in a centrally
Fig. 3. Spontaneous C-cleavage of the Ssp DnaX mini-intein lacking its N-terminal 11-aa sequence. (A) Schematic illustration of the C-cleavage. The recombinant fusion
protein consisted of Ic and T (or G), with Ic being the 139-aa C-terminal part of the Ssp DnaX mini-intein plus the ﬁrst 5 amino acids (CHMLS) of its native C-extein, T being a
thioredoxin protein, and G being a green ﬂuorescence protein. The Ic contained a His6-tag as indicated. Spontaneous C-cleavage at the C-terminus of Ic would produce the two
protein products as illustrated. (B) SDS–PAGE analysis of the C-cleavage of IcT. Protein bands were visualized either by Coomassie Blue staining or by Western blotting. Lane
1: protein size markers, with their sizes shown in kDa. Lanes 2 and 3: total cellular proteins of E. coli before and after IPTG-induced expression the IcT protein, respectively.
Lane 4: IcT and Ic proteins afﬁnity-puriﬁed from samples of lane 3. Lane 5: same as lane 4 but after incubation at room temperature overnight. Lanes 6 and 7: same as lane 3
but visualized on Western blots using anti-H and anti-T antibodies, respectively. (C) Analysis of C-cleavage of IcG. Lane 1: protein size markers shown in kDa. Lane 2: total
cellular proteins of E. coli after IPTG-induced expression the IcG protein. Lanes 3 and 4: same as lane 2 but visualized on Western blots using anti-G and anti-H antibodies,
respectively. Predicted sizes of IcT, Ic, T, IcG and G are 27 kDa, 15 kDa, 12 kDa, 42 kDa, and 27 kDa, respectively.
Fig. 4. Spontaneous C-cleavage of further shortened Ic. Total cellular proteins of E. coli cells expressing different IcT proteins were analyzed as indicated and described in
Fig. 2. Lane 1: size markers shown in kDa. Lanes 2 and 3: before and after IPTG-induced expression of the IcT protein, respectively. Other lanes: after IPTG-induced expression
of different IcT proteins, in which the Ic sequence was further shortened from its N-terminus by 1 aa (lane 4), 2 aa (lane 5), 3 aa (lane 6), 4 aa (lane 7), 5 aa (lane 8), 6aa (lane
9), and 20 aa (lane 10).
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determined for the Ssp DnaX intein, therefore we did computer-
based structural modeling [VMD program (http://www.ks.uiuc.e-
du/Research/vmd/)] of the Ssp DnaX mini-intein. This modeling
was based on a crystal structure of the Ssp DnaB mini-intein [22]
that has signiﬁcant sequence similarities with the Ssp DnaX
mini-intein (Fig. 2), and on the fact that known crystal structures
of widely different inteins are highly conserved. As illustrated in
Fig. 6, a deletion of the N-terminal sequence of the Ssp DnaX
mini-intein potentially created a structural void (or hole) in the
catalytic pocket where the C-cleavage (Asn cyclization) occurred.This putative structural void is similar to what was previously de-
scribed for the Ssp DnaB intein, but that intein required the deleted
N-terminal sequence to be added in trans to enable the C-cleavage,
in which the N-terminal sequence was thought to dock into the
structural void to trigger the C-cleavage [13]. It is therefore surpris-
ing that the Ssp DnaXmini-intein in this study could undergo spon-
taneous C-cleavage without its N-terminal sequence. A likely
explanation is that the C-terminal fragment of the Ssp DnaX
mini-intein, in contrast to the precious reported C-terminal frag-
ment of the Ssp DnaB mini-intein [13], was able to fold in a way
that the structural void left by the missing N-terminal sequence
Fig. 5. Effect of mutations in the Ic. C-cleavage of the IcT protein was analyzed as described in Fig. 3. Lane 1: size markers in kDa. Lanes 2 and 3: before and after IPTG-induced
expression of the wild type IcT protein, respectively. Lane 4, Ic contained both the T66A and the H69A mutations. Lane 5, Ic contained the H69A mutation. Lane 6, Ic contained
the T66A mutation.
Fig. 6. Structural modeling of the Ssp DnaX mini-intein. Computer-based modeling of the Ssp DnaX mini-intein was based on a crystal structure of the Ssp DnaB mini-intein
[22], using the VMD program (http://www.ks.uiuc.edu/Research/vmd/), and shown in a space-ﬁlling representation. The N-terminal 11 aa, the C-terminal 6 aa, and the rest of
the intein are shown in green, yellow, and red, respectively. (A) The intact Ssp DnaX mini-intein viewed from its front side where the N- and C-termini of the intein are
located. (B) The intact Ssp DnaX mini-intein viewed from its back side. (C) The Ic part of the Ssp DnaX mini-intein, viewed from the front side. (D) The N-terminal 11-aa part of
the Ssp DnaX mini-intein.
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age. The thioredoxin sequence in the IcT precursor protein could
not have played a role in the compensation or tolerance, because
it could be replaced with a very different sequence (a green ﬂuo-
rescence protein) without affecting the spontaneous C-cleavage.
Interestingly, the highest level of the spontaneous C-cleavage
was observed with the 12-aa N-terminal deletion of the Ssp DnaX
mini-intein sequence, whereas lower levels were seen with the 11-
aa, 13-aa, 14-aa, and 15-aa N-terminal deletions. According to the
above structural modeling, the 11-aa, 12-aa, and 13-aa deletion
points were in the loop sequence between b-strands b2 and b3,
while the 14-aa and 15-aa deletion points were inside b3.
Our ﬁndings with the T66A and H69A mutations were also
interesting. Previously these two highly conserved residues (T
and H) in the conserved intein motif B had not been shown to af-
fect the C-cleavage (Asn cyclization), although they had beenknown to play important roles in step 1 of the splicing mechanism
at the N-terminal splice junction [16–19]. In our study, the T66A
mutation almost completely suppressed the C-cleavage, although
the H69A mutation did not affect the C-cleavage signiﬁcantly. This
may indicate that the T66 residue played an important role in the
proper folding of the Ic fragment, and the T66A mutation either af-
fected the structural stability of Ic or created an obstacle to the Asn
cyclization. Therefore this conserved T residue may play a larger
role in the intein splicing reaction than has been suspected
previously.
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